study was originally designed to offer a comparison to VE studies carried out in healthcare settings using the case-test negative design but also to examine illnesses not severe enough to result in an ambulatory visit. Prospective, longitudinal follow-up also allows for collection of blood specimens, enabling the relation of vaccine effects to antibody titers against the hemagglutinin (HA) and neuraminidase (NA).
In February 2014, A/Texas/50/2012 (A/Texas) was chosen as the A(H3N2) component for the 2014-2015 Northern Hemisphere vaccine [13] . However, the A(H3N2) viruses that circulated during the 2014-2015 season were drifted from this vaccine strain [14, 15] . Most circulating A(H3N2) viruses failed to agglutinate red blood cells making antigenic characterization by hemagglutination-inhibition (HAI), the traditional method, difficult [14] . Therefore, genetic characterization of circulating viruses was carried out with most identified as belonging to the variant 3C.2a clade; this clade was genetically distinct from the 3C.1 clade which included the A/Texas vaccine strain [16, 17] . The resulting influenza season was severe, with pneumonia and influenza mortality elevated in the United States for 8 consecutive weeks [14] . In addition to widespread circulation of drifted A(H3N2), both influenza B lineages also circulated.
We carried out 3 parallel influenza VE studies in Southeastern Michigan in 2014-2015; A(H3N2) 3C.2a viruses predominated locally as they did nationally. As part of the US Influenza VE Network we contributed to analyses that found no significant VE against outpatient visits resulting from A(H3N2) 3C.2a virus infection [17] . In contrast, VE was estimated to be 43% in a study carried out in the hospital setting, suggesting that vaccination may have prevented more severe disease [18] . Here we report the results of the third study, a prospectively followed cohort of households with children, including VE against acute respiratory illnesses (ARI) of any severity resulting from infection with A(H3N2) and influenza B viruses. We also characterize preseason susceptibility and response to vaccination in terms of serum antibody against HA and NA of vaccine and circulating strains.
METHODS

Recruitment and Enrollment
Eligible households with ≥3 members, including ≥2 children <18 years, were identified, recruited, and enrolled from June through September 2014, as previously described [7, 8, 12] . Adults provided written informed consent for participation for themselves and their children; children 7-17 years provided oral assent. Demographic data were reported, and access to health system electronic medical records (EMR) was granted. All study visits were carried out at the University of Michigan School of Public Health (UM-SPH). The University of Michigan Medical School institutional review board reviewed and approved the study.
Acute Respiratory Illnesses Surveillance and Laboratory Testing
Surveillance was carried out October 2014 through May 2015. Households were instructed to report all ARI at illness onset and were sent weekly email queries to identify newly onset ARI. Case definitions for eligible illnesses were defined by symptoms tailored to those ≥3 years (≥2 of: cough, fever/feverishness, nasal congestion, chills, headache, body aches, or sore throat) and, separately, children <3 years (≥2 of: cough, fever/feverishness, runny nose/congestion, difficulty breathing, fussiness/ irritability, fatigue or loss of appetite). Subjects with eligible illnesses had combined throat and nasal swab specimens (children <3 years: nasal swab only) collected by study staff ≤7 days from illness onset.
Respiratory specimens were tested for influenza by RT-PCR in the investigators' laboratory at UM-SPH using primers, probes, and testing protocols developed and provided by the Influenza Division of the Centers for Disease Control and Prevention (CDC). Influenza A(H3N2) positive specimens were genetically characterized by pyrosequencing in the CDC influenza research laboratory [16, 17] .
Blood Specimen Collection and Serologic Assays
Blood was collected from willing participants ≥13 years at enrollment and scheduled visits before the influenza season (November-December). Sera from collected specimens were tested in HAI assays using monovalent inactivated influenza vaccine (IIV) subunit material (Sanofi-Pasteur) representing the A/Texas-like virus (3C. [19] . Sera were also tested by neuraminidase-inhibition (NAI) assay, using an inactivated reassortant influenza virus with NA representing the 2014-2015 A(H3N2) vaccine strain, and a mismatched HA (H6 subtype) to avoid HA-specific antibody interference [20] .
Statistical Analyses
Households were characterized by size and composition, and subjects by demographic characteristics, EMR documented high-risk health status [21] , and influenza vaccination status. Subjects made their own decisions regarding vaccine receipt; documentation of vaccination for current and prior seasons was based on evidence in the EMR or Michigan Care Improvement Registry. Vaccination status was also informed by self-report if a plausible date and location of receipt were reported for the current season; plausible self-report of prior season vaccination was also considered for individuals who participated in previous seasons. Associations between subject characteristics and vaccination status and influenza outcomes were compared by χ 2 or Fisher exact tests.
We estimated hazard ratios (HR) using Cox proportional hazard models adjusted for age and high-risk health status; robust variances using sandwich estimators were computed to account for household clustering [22] . The effectiveness of ≥1 dose of influenza vaccine in preventing reverse-transcription polymerase chain reaction (RT-PCR) confirmed influenza was calculated as 100× . Vaccination status was modeled as time-varying, with subjects considered vaccinated ≥14 days after vaccination. VE by age and in preventing community-acquired and household-acquired outcomes was examined as previously described [7, 8, 12] . VE was also estimated for each combination of current and prior season vaccination (i.e., current only, current and prior, and prior only) with subjects unvaccinated in both seasons referent. VE by prior season vaccination was estimated for those ≥9 years for whom a single dose of vaccine is recommended and separately for those 3-8 years. The effectiveness of IIV and live-attenuated influenza vaccine (LAIV) was also estimated and compared among children 2-17 years.
Preseason susceptibility to A(H3N2) and B(Yamagata) was assessed with HAI and NAI titers measured in sera collected in the fall (or at summer enrollment for subjects without fall specimens and no evidence of vaccine receipt); for vaccinated subjects, these represented post-vaccination titers. HAI and NAI titers were calculated as the reciprocal (e.g., 40) of the highest dilution of sera (e.g., 1:40) that inhibited HA or NA activity. Titers were log-base 2 transformed, and the mean of the transformed values was calculated and then exponentiated to obtain the geometric mean titer (GMT). GMTs were compared by vaccination and infection status using Wilcoxon rank-sum tests. We used multivariable logistic regression models to estimate the odds ratio (OR) of influenza infection associated with a 2-fold increase in preseason HAI and NAI titers, modeled as continuous predictors. The proportion of vaccinated subjects with ≥4 fold rises in titer in paired serum specimens bracketing vaccination was also determined.
All statistical analyses were performed using SAS (release 9.3; SAS Institute). A P-value of <.05 or, for VE estimates, a positive lower bound of a confidence interval (CI) indicated statistical significance.
RESULTS
Households and Participant Characteristics
A total of 1431 participants, including 862 (60%) children <18 years, from 340 households were enrolled and followed in the 2014-2015 study year (Table 1) . Household size ranged from 3 to 9 members (median: 4); 73% of households had ≥1 child <9 years. Overall, 195 (14%) subjects had high-risk health conditions, and 982 (69%) subjects received ≥1 dose of 2014-2015 influenza vaccine. Vaccine coverage significantly varied by age and race categories, and was significantly higher (78% vs. 67%, P < .05) among subjects with high-risk health conditions. Among vaccinated subjects, 772 (79%) received IIV and 210 (21%) received LAIV (196 in children 2-17 years); all LAIV and 85% of IIV were quadrivalent.
Acute Respiratory Illnesses Surveillance and Influenza Outcomes
Influenza circulated locally from early-November 2014 through May 2015; A(H3N2) predominated and circulated through February, and influenza B circulated February through May. During surveillance, 730 (51%) participants from 269 (79%) households reported 1434 ARI and 1364 (95%) specimens were collected. Influenza A(H3N2) was identified in 166 (12%) (Table 2) .
Influenza Vaccine Effectiveness
Influenza vaccines were not effective in preventing A(H3N2) infections overall and were similarly ineffective across age groups (Table 2 ). There was no evidence of VE against A(H3N2), or increased risk of infection, for any combination of vaccination across 2 (Supplemental Table 1 ) or 3 years (Supplemental Table 2 ). IIV and LAIV were similarly ineffective against A(H3N2) among children 2-8 years and all children 2-17 years (Table 3) . VE against B(Yamagata) was higher overall (57%, 95% CI: −3%, 82%), but surprisingly, significant VE was limited to children <9 years (87%, 95% CI: 43%, 97%) with decreasing estimates by age ( Table 2 ). The VE estimate against B(Yamagata) was high, but not significant, for both LAIV and IIV in children age 2-8 years; for all children 2-17 years, only the VE estimate for LAIV was statistically significant (Table 3) .
Serologic Antibody Response and Susceptibility
Paired pre-and ≥30 days post-vaccination sera were available from 129 vaccinated subjects (26% of vaccinated ≥13 years). Less than 50% of vaccinated subjects had any titer increase following vaccination and the proportion of subjects with a ≥4-fold titer rise was low (range: 12%-17%) for all measured targets (Table 4 ). In nearly all cases, a lower proportion of those vaccinated in 2013-2014 responded following 2014-2015 vaccination than those unvaccinated in 2013-2014; however, this was only statistically significant for HAI response to A/Texas (H3N2) and B/Brisbane (Victoria). Preseason susceptibility to influenza infection was assessed using HAI and NAI antibody titers measured in serum collected from 488 subjects (66% of subjects ≥13 years), including 44 A(H3N2) cases (64% of 69 cases among subjects ≥13 years), and 15 B(Yamagata) cases (83% of 18 cases among subjects >13 years). We did not detect a difference in preseason HAI or NAI GMTs against any of the target antigens between subjects with and without RT-PCR confirmed infections. However, all preseason GMTs were significantly higher among those who were vaccinated compared to those unvaccinated (P < .001 for all comparisons).
For A(H3N2), visual examination of plots of the proportion infected by titer indicated a trend of lower infection risk with increasing preseason HAI titer against A/Hong Kong (3C.2a), Table 2 Abbreviations: CI, confidence interval; VE, vaccine effectiveness. a Effectiveness of at least 1 dose of influenza vaccine in preventing laboratory-confirmed influenza A(H3N2) or B(Yamagata). Vaccination status was modeled as time-varying with subjects considered vaccinated 14 days after vaccine receipt. To adjust for correlation of exposures and outcomes among subjects in the same household, robust variances for model parameter estimates were computed using sandwich estimators [22] . Models were adjusted for age in months (natural cubic spline) and medical record documented high-risk health status (present/ absent). b VE% = 100*(1 − hazard ratio).
c Household-acquired cases were defined by transmission link to a community-acquired index case if both cases were due to the same influenza type and subtype/lineage and if illness onset in the secondary case occurred 1-7 days after illness onset in the index case. For all targets, preseason GMTs of subjects vaccinated both years were not significantly different from those vaccinated only in the current season (Supplemental Figure 1) ; patterns Abbreviations: CI, confidence interval; IIV, inactivated influenza vaccine; LAIV, live attenuated influenza vaccine; VE, vaccine effectiveness. a Effectiveness of at least 1 dose of influenza vaccine in preventing laboratory-confirmed influenza A(H3N2) or B(Yamagata). Vaccination status was modeled as time-varying with subjects considered vaccinated 14 days after vaccine receipt. To adjust for correlation of exposures and outcomes among subjects in the same household, robust variances for model parameter estimates were computed using sandwich estimators [22] . Models were adjusted for age in months (natural cubic spline) and medical record documented high-risk health status (present/ absent).
b VE% = 100*(1 − hazard ratio). were similar when vaccination over 3 seasons was considered (Supplemental Figure 2) .
DISCUSSION
We found no evidence of VE in preventing infection with antigenically drifted A(H3N2) viruses that predominated during the 2014-2015 season. This is consistent with other studies of mild to moderately severe infection carried out primarily in ambulatory care settings [17, 23, 24] . We also did not detect an association between HAI titer against the A/Texas vaccine strain and risk of A(H3N2) infection, which is not surprising in the context of antigenic mismatch with circulating viruses. Unexpectedly, NAI titers against A/Texas were also not associated with A(H3N2) infection risk. Although NA content is not standardized in currently licensed influenza vaccines, we have previously detected antibody response to NA following IIV receipt in a clinical trial [25] . We speculate that this may indicate that there could also have been a drift in the NA of the A(H3N2) viruses that circulated, which may have contributed to the lack of VE against A(H3N2). HA drift is monitored each year, but NA drift has not been routinely characterized [19] ; however, the NA of 2014-2015 circulating viruses differed from that of A/Texas by 2 amino acid substitutions, H150R and E221D, previously implicated in antigenic drift [26] .
Although many circulating A(H3N2) viruses did not agglutinate red blood cells [14] , we were able to perform HAI assays using, as we have in the past, ether-split monovalent IIV subunit material (Sanofi-Pasteur) representing the target antigens [8, 12, 27] . Using ether split targets has the advantage of measuring antibody to the exact antigen included in the vaccine and may be superior for measuring antibody against influenza B [28] . There was some qualitative suggestion that increasing HAI titers against A/Hong Kong (H3N2 3C.2a) were associated with reduced risk of A(H3N2) infection; however, this was not statistically significant. Given differences in HA activity, and the possibility of other mutations introduced because of egg adaptation, it is possible that the antibody we measured against A/ Hong Kong may not have been sufficiently specific to the circulating A(H3N2) 3C.2a viruses. When assay targets are well matched to circulating viruses, HAI titers can be highly correlated with infection risk [29] ; therefore, identifying whether antibodies produced by vaccination are specific to circulating viruses is a priority for assessing vaccination programs.
We observed high VE against B(Yamagata) for children <9 years but no VE among older children and adults. This is similar to Canadian studies that only found significant VE against B(Yamagata) in the youngest age group [23] but in contrast to US studies where VE was observed in adults and children [30] . In this study, HAI titers against B(Yamagata) viruses were high among both vaccinated (GMT: 304) and unvaccinated (GMT: 97) individuals ≥13 years. Consistent with this observation, incidence of B(Yamagata) was low among older children and adults making it difficult to detect any effect of vaccination.
For both A(H3N2) and influenza B, we observed minimal antibody response following vaccination. For all targets examined, a lower proportion responded among those vaccinated in the previous season. Minimal response to vaccination was also observed in this cohort during the 2012-2013 and 2013-2014 seasons [8, 12] . Despite this, substantial VE was observed against influenza A(H1N1)pdm09 viruses in 2013-2014 [12] . These findings highlight the work that still needs to be done to further our understanding of biological and methodological issues surrounding the complex annual interactions between preexisting antibody, vaccine antigens, and circulating viruses.
Because antigenically equivalent A(H3N2) viruses had been included in vaccines for 3 consecutive years [13] , the 2014-2015 season provided a unique opportunity to examine the interaction between prior vaccination and VE. In this context, Skowronski et al. observed that those vaccinated in all 3 seasons were actually at increased risk of A(H3N2) infection in 2014-2015 compared to those unvaccinated all 3 seasons [23] . In contrast, we found neither significant VE against A(H3N2) nor increased risk of infection for any combination of current and prior vaccine receipt, similar to US VE studies [30] .
It had been suggested that LAIV may provide broader protection against antigenically drifted influenza [32] . In this study, neither LAIV nor IIV provided significant protection against drifted A(H3N2) virus infection among children aged 2-17 years. This is consistent with estimates from studies in the ambulatory care setting, which contributed to the decision by the CDC's Advisory Committee for Immunization Practices to recommend LAIV not be used for the 2016-2017 season [30, 33] . In contrast, VE against B(Yamagata) among children 2-17 years was high for both LAIV and IIV but only statistically significant for LAIV.
Our findings, particularly those from subgroup analyses, should be interpreted in the context of relatively small sample size and limited power. Although we were careful to measure and control for confounding variables, our results could also be affected by other unmeasured factors. In addition, requiring study site illness visits could be expected to delay specimen collection resulting in false negative RT-PCR results. However, we do not expect this to have been a major issue as 82% of illness visits occurred ≤4 days from illness onset.
The 2014-2015 influenza season was unique in the scale and severity of the epidemic, antigenic mismatch between vaccine and circulating viruses, and an A(H3N2) vaccine component that was consistent over 3 consecutive years. VE against A(H3N2) has been low even in well-matched years, and issues regarding repeated vaccination have been primarily observed in A(H3N2) predominant seasons. Given these issues, more effective and broadly protective vaccines are needed, as well as further study into optimal strain selection strategies for currently available vaccines.
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